Wet electrostatic precipitators (ESPs) demonstrate a robust adaptability for particulate matter control and have been confirmed to be a promising technology for removing particles and sulfuric acid aerosol from flue gas. Recent studies have shown that removing fine particles or sulfuric acid aerosol from wet ESPs requires further development. Among the components of wet ESPs, discharge electrode configurations are crucial for determining the performance of wet ESPs. This paper reports the corona discharge characteristics and removal performance of sulfuric acid aerosol using different discharge electrode configurations in a honeycomb wet ESP experimental system. Two key parameters, namely, V-I characteristics and current density distribution, with different discharge electrode geometries (e.g., electrode type, spike spacing, and spike length) and rotation angles, were investigated by using a novel electrical parameter measurement system to evaluate the effects of these parameters on corona discharge. The results showed that triple-spike and sawtooth electrodes exhibit the highest average current density. The average current density of the triple-spike electrode increased with the spike length from 10 mm to 20 mm, and the peak current density distribution on the collection electrode increased by 62.1%, but the current density decreased sharply away from the spike. Moreover, the average peak current density decreased by 30.1% when the spike spacing was 25 mm given the sharp point discharge suppression when spikes were significantly dense. The electrode configuration was optimized on the basis of the current density distribution. The highest removal efficiency of sulfuric acid aerosol was 99.2% at a specific collection area of 23.09 m 2 (m 3 s À1 ) À1 .
Wet electrostatic precipitators (ESPs) demonstrate a robust adaptability for particulate matter control and have been confirmed to be a promising technology for removing particles and sulfuric acid aerosol from flue gas. Recent studies have shown that removing fine particles or sulfuric acid aerosol from wet ESPs requires further development. Among the components of wet ESPs, discharge electrode configurations are crucial for determining the performance of wet ESPs. This paper reports the corona discharge characteristics and removal performance of sulfuric acid aerosol using different discharge electrode configurations in a honeycomb wet ESP experimental system. Two key parameters, namely, V-I characteristics and current density distribution, with different discharge electrode geometries (e.g., electrode type, spike spacing, and spike length) and rotation angles, were investigated by using a novel electrical parameter measurement system to evaluate the effects of these parameters on corona discharge. The results showed that triple-spike and sawtooth electrodes exhibit the highest average current density. The average current density of the triple-spike electrode increased with the spike length from 10 mm to 20 mm, and the peak current density distribution on the collection electrode increased by 62.1%, but the current density decreased sharply away from the spike. Moreover, the average peak current density decreased by 30.1% when the spike spacing was 25 mm given the sharp point discharge suppression when spikes were significantly dense. The electrode configuration was optimized on the basis of the current density distribution. The highest removal efficiency of sulfuric acid aerosol was 99.2% at a specific collection area of 23.09 m 2 (m 3 s À1 ) À1 .
Introduction
Particulate matter (PM) air pollution is a well-recognized carcinogen for humans and has caused global concerns over the past few years. 1 The World Health Organization contends that exposure to PM may cause 3.7 million premature deaths worldwide.
2 Long-term exposure to PM is related to morbidity and mortality due to lung cancer. [3] [4] [5] Fine and ultrane particles are extensively hazardous to human health. These particles can damage the respiratory system and reach the deepest regions of the lungs and even the cardiovascular system when inhaled.
6-8
The control of particulate emissions from the original sources is an efficient method for clean production.
Some sulfur in fuel can be oxidized to SO 3 during the combustion process in a boiler. The SO 3 concentration increases signicantly aer selective catalytic reduction because 0.25-1.25% of SO 2 can be oxidized to SO 3 . 9 The ue gas temperature can be quenched to below 323.15 K, and the corresponding moist gas is saturated when ue gas enters the wet ue gas desulfurization (WFGD) system. 10, 11 Sulfuric acid aerosol is formed by combining SO 3 and ue gas moisture, and the typical size of sulfuric acid aerosol is approximately 0.1 mm.
12
Wet ESPs demonstrate a robust adaptability for PM control, especially for particulates that are corrosive, sticky, and exhibit relatively high or low resistivity. Back corona discharge and dust re-entrainment can be avoided because the dust cake on the collection electrode is removed by water lm efficiently.
13 Wet ESPs are typically installed downstream of the WFGD system to remove ne dust and sulfuric acid aerosol from ue gas.
14,15
However, removing ne particles or sulfuric acid aerosol using wet ESPs requires further development given poor charging capacity, and the particle removal efficiency of wet ESPs decline further with the increase in particle concentration.
9,12,16
Discharge current density and distribution are major parameters of operating performance. The distribution of electric eld bears a solid relationship with an electrode.
17 A high discharge current density leads to effective particle charging, and the charged particles provide high migration velocity and removal efficiency. 18 The removal efficiency of an ESP can be improved by increasing the uniformity of the discharge current density distribution. 19 ESPs are classied as cylindrical and plate types on the basis of the shape of the collection electrodes. 13, 20 Numerous studies on the discharge characteristics of wire-plate ESPs have been reported; these studies include investigations of emitter geometry and material on the electrode corona discharge to optimize the discharge electrode through experimental and numerical methods.
21-25
Electrodes with different shapes, diameters, and intervals were tested in an experimental-scale ESP at high temperatures, 26, 27 and migration velocity was also investigated.
28,29 Corona discharge and particle collection characteristics in a wet ESP with a ne water mist were discussed. 23, 30 The electric power consumption of the ESP with spikes on both sides is nearly twice as much as that of the ESP with spikes on only one side.
31
The electrical characteristics and ionic wind vary with the spike point spacing.
32 A numerical model of ESP has been developed to describe the electric eld, and the rotation of the discharge electrode optimizes its electric eld. 33 Several researchers have investigated the discharge and removal characteristics of a wirecylinder ESP. 34, 35 Moreover, a novel electrode that contains rare earth materials has been presented and investigated. 36 In practical applications, barbed discharge and honeycomb collection electrodes are widely used in wet ESPs. However, the inuence of discharge electrode conguration on corona discharge has not been investigated systematically, and minimal work has been conducted to reveal the correlation between current density distribution and optimization of wet ESP, especially in terms of honeycomb wet ESP.
In this study, a honeycomb wet ESP experimental system was designed and operated with different discharge electrode congurations. The discharge characteristics of wet ESP were evaluated by using the V-I characteristic and current density distribution. Inuences of discharge electrode type, spike length L, spike spacing S, and rotation angle a of the discharge electrode on the discharge characteristics of wet ESP were investigated and discussed. The removal efficiency of sulfuric acid aerosol in wet ESP was analyzed to determine the effects of optimizing current density distribution to enhance wet ESP. Conclusions drawn from this study could provide a basis for wet ESP design and application.
Experimental setup and methods
A schematic of the experimental system is illustrated in Fig. 1 . The system consisted of ve parts, namely, (1) a sulfuric acid aerosol generating system, (2) a laboratory-scale wet ESP, (3) a negative DC power supply system, (4) a current parameter measurement system, and (5) a sulfuric acid aerosol sampling device.
Experimental setup
A wire-honeycomb negative DC corona discharge conguration consisted of a wire discharge electrode and a honeycomb collection electrode. The honeycomb collection electrode was a vertical and hexagonal tube with a single pipe (50 mm in circumradius and 1000 mm in height), and the collection electrode was grounded. Different geometry electrodes with a diameter of 10 mm and a length of 1000 mm were used as discharge electrodes. An adjustable DC negative voltage from 0 kV to 40 kV and a maximum current of 10 mA were generated by a high-voltage power supply. A negative high voltage was applied to the discharge electrode. Simulated ue gas was generated by an air fan and then heated by an electric heater. In the present study, the ue gas was humidied using a humidifying device to ensure saturation. SO 3 generated by an SO 3 generator was injected into the ue gas and combined with H 2 O to form sulfuric acid aerosol under this condition. The simulated ue gas entered the bottom of the wet ESP, and ultrane particles (sulfuric acid aerosol) were charged and captured. A sulfuric acid aerosol sampling device includes a sampling port, a diluter (Dekati Ltd., Finland), an electrical low-pressure impactor (ELPI + ; Dekati Ltd., Finland), and a vacuum pump.
The gas containing sulfuric acid aerosol was diluted eight times by using the diluter. The concentration of the sulfuric acid aerosol in the ue gas was measured online by using ELPI + .
For the experiments, four types of barbed discharge electrodes (single-spike, double-spike, triple-spike, and sawtooth) and a smooth wire electrode were used, as depicted in Fig. 1 In this experiment, a comparative analysis of the electrical characteristics of wet ESP in aspects of discharge current density and distribution were investigated using 23 kinds of discharge electrodes.
Electrical parameter measurement system
A novel probe and a current measurement system for the experiments were designed to measure the current density distribution on the collection electrode, as demonstrated in Fig. 2. An insulation ring was connected to a metal shell, and then a 7 mm-diameter probe was embedded in the ring. The interval between the metal shell and the probe prevented a short circuit caused by the condensation of sulfuric acid aerosol on the collection electrode surface. The integrated probes were xed on the collection electrode. Probes were electrically isolated by the ring from the rest area of the collection electrode. To ensure the accuracy of the current density measurement and minimize the inuence of probes on the local electric eld, probes were connected to the microammeter and adjusted by an anchor nut to maintain a at surface with the collection electrode. The current measurement system could automatically scan and record the current of each probe on the collection electrode. Timing relays, circuit boards, current collecting devices, and a digital micro-ammeter with an accuracy of 10 À6 A were used in the system. Nine probes were selected in each row, and probes were encrypted at the ends and center of the wet ESP to ensure the integrity of the measurement results. A total of 19 rows were found on the direction of gas ow with an interval of 25 mm or 100 mm, and 171 probes were xed on the surface of the collection electrode. The measuring circuit was grounded aer connecting the micro-ammeter, and the bypass was grounded directly. The relay was controlled by soware, and the other probes were connected to the bypass to ensure that only one probe was connected to the measuring circuit. In addition, the data of the micro-ammeter was transmitted to and recorded in the current collecting device. The switching period was selected as 3 s, and the data of each probe was recorded at 2.7 s before switching to the next probe to avoid the inuence of the induced current generated by the relay during the switching. Each testing electrode conguration consumed 513 s. This system provided a real-time monitoring of the current density distribution on the collection electrode and improved measurement efficiency and accuracy signicantly. The applied voltage and discharge current could be acquired directly from the display panel of the high-voltage power supply.
Experimental approach
Different parameters, such as electrode type, conguration (e.g., spike length L, spike spacing S, and rotation angle a of the electrode), and voltage/current, were varied and focused on investigating the discharge characteristics of the wet ESP. A corona onset voltage was determined as the voltage where the corona began. The discharge current that corresponds to the applied voltage was detected aer the corona onset. The current was nearly constant when the corona discharge stabilized. A spark voltage was determined as the voltage that continuously sparked, and a leap in the secondary current was observed. Consequently, the applied voltage decreased. The high-voltage power supply was switched on when the discharge electrode reached the set conguration. In the current density distribution experiments, the detailed current density distribution on the collection electrode was recorded, and the current density was calculated when the applied voltage or discharge current reached the set point.
For this experiment, the current density of probe J p was calculated using eqn (1) .
where J p is the current density of probe; i p is the current of the probe, which is recorded by the current collecting devices; and d is the diameter of the probe-measuring surface, which is 7 mm in the experiment. The removal efficiency of sulfuric acid aerosol was calculated using eqn (2) , in which the sulfuric acid aerosol concentration was measured by using ELPI + .
where h is the removal efficiency of sulfuric acid aerosol; c off (r i ) is the fractional concentration without corona discharge, mg m À3 ; and c on (r i ) is the fractional concentration with corona discharge, mg m À3 .
Results and discussion
3.1. Discharge characteristics affected by discharge electrode geometry 3.1.1. Effect of discharge electrode type. Fig. 3 exhibits the V-I characteristics of wet ESP with different discharge electrode types. The barbed discharge electrodes (e.g., single-spike, double-spike, triple-spike, and sawtooth) and a smooth wire electrode were used as the discharge electrode. L was 20 mm, and S was 50 mm. An average current density refers to the current density distribution on the collection electrode with a 0.3 m 2 area. Average current density was determined by the discharge electrode type. The corona onset voltage of the smooth wire electrode was 23.9 kV, which was 2.5 to 3.8 times higher than the other electrodes, and spark discharge appeared when the average current density only reached 0.233 mA m À2 .
The average current density was higher in the barbed electrode than in the smooth wire electrode at the same applied voltage. The average current density increased with the applied voltage when the corona onset voltage was exceeded, and the slope of the V-I characteristic curve and the number of sharp points had a positive correlation. For the barbed electrodes, sawtooth had the maximum sharp points. Triple-spike, double-spike, and single-spike electrodes were sorted in a descending order on the basis of the number of sharp points. The spark discharge current density and the number of sharp points also had a positive correlation. Spark discharge appeared in the singlespike electrode when the average current density reached 16.67 mA m À2 . The sawtooth electrode still maintained a stable corona discharge when the average current density was 33.33 mA m À2 . The corona onset voltage was 2-3 kV higher in the sawtooth electrode than other barbed electrodes. This phenomenon might be due to the difference of the electric eld on the sharp points. Typically, the corona discharge current is emitted from sharp points, namely, "emitters", on the discharge electrode. The sharp point curvature radius was smaller in the triple-spike electrode than in the sawtooth electrode. Thus, the corona onset electric eld intensity was higher in the triplespike electrode than in the sawtooth electrode, as expressed in eqn (3). The sawtooth discharge electrode required a high voltage to produce a stable corona discharge, and its corona onset voltage was high. The corona discharge easily occurred when the curvature radius of the sharp point was small. More ions were released from the sawtooth electrode than from the triple-spike electrode at the same voltage aer the corona onset because of added sharp points. The average current density of the sawtooth electrode exceeded that of the triple-spike electrode rapidly. The corona onset electric eld intensity on the sharp point was determined by Peek's law as follows:
where E S is the corona onset electric eld intensity on the sharp point surface, E 0 is a constant at 3.1 Â 10 6 V m
À1
, m is the dimensionless surface parameter, r 0 is the curvature radius of the sharp point, and d is the relative density of gas with respect to the normal condition of 273.15 K.
where T S and T represent 273.15 K and the local temperature, respectively; and P S and P correspond to 101 325 Pa and the local pressure. Fig. 4 displays the current density distribution on the collection electrode of the different barbed electrodes. Nearly all the measuring results of the probes were zero given the weak average current density of a smooth wire electrode. Thus, its current density distribution was not shown in this gure. L was 20 mm, S was 50 mm, and the discharge current was 3 mA. The length on the polar axis refers to the current density of the probe with the area of 3.85 Â 10 À5 m 2 . The current density distribution on the collection electrode was determined on the basis of the discharge electrode type. The current density distribution of single-spike, double-spike, and triple-spike electrodes was similar to the geometry of the electrode. The current density distribution on the collection electrode that faces the spikes was the largest and sharply decreased along the two sides of the spikes. The peak current densities were 60.5%, 133.1%, and 295.8% higher in the single-spike electrode (I ¼ 3 mA) than in the double-spike, triple-spike, and sawtooth electrodes, respectively. However, its current density distribution was signicantly uneven. The current density of a two-thirds area on the collection electrode was zero. Spikes played a dominant part in the barbed electrode discharge. Peak current density decreased with the increase in spikes per row, but the current density distribution was uniform. The current density distribution of the sawtooth electrode on the collection electrode was hexagonal and relatively uniform, and all its current density exceeded zero. The current densities varied with the distance between the sawtooth and collection electrodes. The largest and smallest current densities were positioned closest and farthest to the sawtooth electrode, respectively. 3.1.2. Effect of spike length. Fig. 5 illustrates the V-I characteristics of the wet ESP with various spike lengths and different discharge electrode types. Single-spike, double-spike, and triple-spike electrodes were used as the discharge electrodes. L was 10, 15, and 20 mm, and S was 50 mm. Fig. 5 depicts that the average current density increased with the spike length, but the spark voltage decreased. Owing to these factors, the maximum current density at the spark voltage was enhanced. The effect of the increase in spike length on corona discharge was relatively less effective than the increase in spikes per row. Fig. 6(a) demonstrates the current density distribution on the collection electrode of different triple-spike electrodes with various spike lengths (10, 15, and 20 mm). S was 50 mm, and the discharge current was 3 mA. Fig. 6(a) displays that the peak current density that faces the spikes increased with the spike length, but the current density distribution on both sides of the spikes decreased. The current density distribution on the collection electrode gradually shrank with the increase in spike length. The peak current density of the triple-spike electrodes increased by 62.1% with the increase in spike length from 10 mm to 20 mm, but the current density at the angular bisector of adjacent spikes gradually decreased to zero. The peak current densities of the double-spike and single-spike electrodes increased by 63.7% and 68.3%, correspondingly. This phenomenon may be due to the difference in the ion diffusion region in wet ESP. The average current density increased with the spike length, but the ion diffusion region generated by the sharp point corona discharge shrank gradually. That is, the area on the collection electrode that cannot be reached by ions increased and formed a low-ion charge density area.
In this study, four positions were selected in accordance with the symmetry of the triple-spike and collection electrodes, especially for the current density distribution analysis, to clearly demonstrate the effect of the spike length on discharge characteristics. Fig. 6(b) presents that the trend of the current density change in four positions was different with the increase in the spike length from 10 mm to 20 mm. The current density of Position no. 1 was signicantly affected by the spike length. The current density of Position no. 2 initially increased and then decreased. The current density of Position no. 3 and 4 decreased with the increase in the spike length. Moreover, the current density of Position no. 4 dropped to zero when the spike length was 20 mm.
3.1.3. Effect of spike spacing. Spike spacing signicantly affects corona discharge. In this experiment, ve triple-spike electrodes with various spike spacings (i.e., 25, 50, 100, 150, and 200 mm) were used as the discharge electrodes, and L was 20 mm. The relation of spike spacing to the total of spikes is presented in Table 1 . Fig. 7 depicts that the average current density increased with the decrease in spike spacing. In addition, the spark discharge current density increased with the decrease in spike spacing, but the spark voltage was nearly unchanged. Triple-spike electrodes, with spike spacings of 25 and 50 mm, maintained a stable corona discharge when the average current density was 30 mA m À2 . That is, reducing the spike spacing and increasing the spikes could provide a high current density. Fig. 8 illustrates the effect of spike spacing on discharge current and peak current density of the collection electrode that faces the spikes. The applied voltage was 20.6 kV. The discharge current increased at the same voltage with the decrease in spike spacing, but the peak current density slightly changed initially and then decreased. The peak current density had no relation to spike spacing when the latter was larger than 50 mm, and the discharge current and the total number of spikes were positively correlated. The peak current density decreased by 30.1% at the spike spacing of 25 mm. The result showed that reducing spike spacing can enhance average current density, but the sharp point discharge between spikes was mutually suppressed when spikes were signicantly dense. In conclusion, the appropriate spike spacing of the electrode should be selected in accordance with the required discharge current, and 50 mm was an appropriate spike spacing for this triple-spike electrode.
Discharge characteristics affected by the rotation of the discharge electrode
Triple-spike and sawtooth electrodes exhibited the highest discharge intensities, but the discharge characteristics of the triple-spike electrode were affected by the rotation angle (a) because it was not equidistant between the triple-spike and collection electrodes. a varied from 0 to 30 considering the structural symmetry of the triple-spike and honeycomb collection electrodes, and 0 corresponded to the conguration that spikes were perpendicular to the surface of the collection electrode. Fig. 9 reects that the rotation of the discharge electrode slightly affected the V-I characteristics. Fig. 10 illustrates the current density distribution on the collection electrode of different rotation angles. Triple-spike electrode (S ¼ 50 mm, L ¼ 20 mm) were used as the discharge electrode, and the discharge current was 3 mA. The dashed line represented the position of the spikes. The ion diffusion region was changed with the rotation of the discharge electrode from 0 to 30 in the wet ESP. The shortest distance between the sharp point and the collection electrode increased, the peak current density decreased, and the position, where the peak current density was located, changed with the rotation. However, the region on the collection electrode where ions could reach increased, and the current density of both sides of the spike gradually increased. The current density distribution on the collection electrode gradually expanded. The average discharge current remained unchanged signicantly at the same voltage under two opposite effects on the current density. The current density distribution changed signicantly with the slight rotation of the triple-spike electrode. Thus, the accuracy of the electrode installation was particularly important in practical applications.
The current density at four positions with different rotation angles is exhibited in Fig. 11 . The trend of the current density change in four positions was different considering the rotation of the discharge electrode from 0 to 30 . The current density of Position no. 1 decreased by 55.6% given the rotation of the discharge electrode from 0 to 30 . The current density of Position no. 2 increased initially and then decreased. The spikes gradually approached Position no. 2 considering the rotation of the discharge electrode, and the current density was largest A statistical analysis was performed on the measured results to analyze the effect of rotation angle on the current density distribution of the collection electrode. Average and standard deviations were calculated using eqn (5) and (6), respectively.
where J is the average of the current density, s is the standard deviation of the current density, n is the total number of probes, n is set to 171 in this experiment, and J i is the current density of Probe no. i. Fig. 12 presents that the average of the current density changed slightly with the rotation of the discharge electrode from 0 to 30 . This phenomenon was consistent with the result of the V-I characteristics (Fig. 9) . However, the standard deviation of the current density decreased signicantly by 20.0% with the rotation of the electrode when compared with the initial state. That is, the uniformity of the current density distribution increased with the rotation of the discharge electrode, which was consistent with the result of the current density distribution illustrated in Fig. 10 . The results showed that the current density distribution of the triple-spike electrode is relatively uniform when the spikes face the edge of the honeycomb collection electrode (a ¼ 30 ), and a ¼ 30 is recommended for its overall performance in terms of optimizing the current density distribution.
Wet ESP performance for optimized discharge electrode congurations
In this experiment, the wet ESP performance was evaluated by using the removal efficiency of sulfuric acid aerosol. Triplespike and sawtooth electrodes were used as the discharge electrodes. The environment was controlled at a temperature of 324.15 AE 1 K and relative humidity of 100%. The velocity of gas ow and concentration of sulfuric acid aerosol were 2 m s À1 and 35.7 mg m À3 , correspondingly. Fig. 13 presents the effect of discharge electrode congura-tion on the removal efficiency of sulfuric acid aerosol, and the applied voltage was 20.08 kV. The removal efficiency exceeded 92% considering the high average current density of electrode. However, the removal efficiency was 6.3% lower in the sawtooth electrode, which had the highest average current density, than in the triple-spike electrode (a ¼ 0 ). This result indicated that the gas ow may be seriously interfered with the discharge of the sawtooth electrode and resulted in the appearance of vortexes near the discharge electrode. Sulfuric acid aerosol cannot be trapped directly by the collection electrode, and the removal efficiency was relatively low in this condition. In terms of the triple-spike electrode, the removal efficiency of sulfuric acid aerosol increased by 0.9% with the rotation of the discharge electrode from 0 to 30 , and the highest removal efficiency of sulfuric acid aerosol was 99.2% at a specic collection area (SCA) of 23.09 m 2 (m 3 s À1 ) À1 . The removal efficiency of sulfuric acid aerosol could be improved by increasing the uniformity of the discharge current density distribution, and this optimization improved the removal performance of the wet ESP.
Conclusion
This study compared the effects of electrode geometry and rotation on the negative corona discharge characteristics in a honeycomb wet ESP and experimentally investigated the removal efficiency of sulfuric acid aerosol under optimized discharge electrode congurations. The following conclusions can be drawn from this study:
(1) Average current density was determined on the basis of the discharge electrode type. Triple-spike and sawtooth electrodes demonstrated the highest average current density. The peak current density was 60.5%, 133.1%, and 295.8% higher in the single-spike electrode (I ¼ 3 mA) than in the double-spike, triple-spike, and sawtooth electrodes, correspondingly. The current density distribution of the sawtooth electrode was hexagonal and relatively uniform, and all its current density exceeded zero.
(2) The average current density of the triple-spike electrodes increased with the increase in the spike length or the decrease in the spike spacing. The peak current density increased by 62.1% with the increase in spike length from 10 mm to 20 mm. The discharge current and the total number of spikes were positively correlated when the spike spacing was larger than 50 mm. The peak current density decreased by 30.1% when the spike spacing was 25 mm. The reduction in the spike spacing could enhance the average current density, but the sharp point discharge between spikes was mutually suppressed when spikes were signicantly dense.
(3) The current density distribution on the collection electrode changed signicantly with the slight rotation of the triplespike electrode. Therefore, the accuracy of electrode installation was particularly important in practical applications. Moreover, the electrode conguration in which the spikes face the edge of honeycomb collection electrode (a ¼ 30
) is recommended for its overall performance in terms of optimizing the current density distribution. (4) The removal efficiency was 6.3% lower in the sawtooth electrode, which had the highest average current density, than in the triple-spike electrode (a ¼ 0 
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